We study the dynamics of microscopic quantum correlations, viz., bipartite entanglement and quantum discord between nearest neighbor sites, in Ising spin chain with a periodically varying external magnetic field along the transverse direction. Quantum correlations exhibit periodic revivals with the driving cycles in the finite-size chain. The time of first revival is proportional to the system size and is inversely proportional to the maximum group velocity of Floquet quasi-particles. On the other hand, the local quantum correlations in the infinite chain may get saturated to non-zero values after a sufficiently large number of driving cycles. Moreover, we investigate the convergence of local density matrices, from which the quantum correlations under study originate, towards the final steady-state density matrices as a function of driving cycles. We find that the geometric distance, d, between the reduced density matrices of nonequilibrium state and steady-state obeys a power-law scaling of the form d ∼ n −B , where n is the number of driving cycles and B is the scaling exponent. The steady-state quantum correlations are studied as a function of time period of the driving field and are marked by the presence of prominent peaks in frequency domain. The steady-state features can be further understood by probing band structures of Floquet Hamiltonian and purity of the bipartite state between nearest neighbor sites. Finally, we compare the steady-state values of the local quantum correlations with that of the canonical Gibbs ensemble and infer about their canonical ergodic properties. Moreover, we identify generic features in the ergodic properties depending upon the quantum phases of the initial state and the pathway of repeated driving that may be within the same quantum phase or across two different equilibrium phases.
Introduction
Entanglement [1] , in particular, and quantum correlations [2] , in general, have continued to gain enormous amount of interests due to their numerous applications in quantum information theory [3] and many-body physics [4] . Quantum correlations are key resources for various quantum information processing tasks [5] and communication protocols [6] in many-body systems. They provide new insights about the cooperative phenomena in many-body systems such as quantum phases, e.g. in the context of symmetry breaking phases [7] and topological phases [8] . Particularly, quantum criticality and related aspects have been investigated in great detail using various tools borrowed from quantum information theory [9, 10] . Moreover, recent experimental advances have successfully demonstrated effective manipulation of quantum correlations in several physical substrates [11, 12, 13, 14, 15] .
Dynamics of closed many-body quantum systems has been a subject of intense research in recent years. Study of isolated systems out-of-equilibrium brings new possibilities for exploring physical phenomena, which are, un-derstandably, not within the reach of equilibrium statistical mechanics, and at the same time, provides a unique way of perceiving the emergence of equilibrium statistical properties [16, 17] . Quenching one or several parameters of a many-body system happens to be a common strategy for exploring non-equilibrium dynamics [18, 19, 20, 21, 22, 23, 24] . Ideas originating from quantum information have been incorporated in order to study a wide range of topics in the context of dynamics of closed quantum systems, such as revival and collapse phenomena of entanglement [25] , Kibble-Zurek mechanism [26] , thermalization, many-body localization [27] , and decoherence of a qubit attached to a spin chain [28] . A widely studied fundamental topic is ergodicity of local quantities that relates the relaxation of the local properties of the many-body systems to their corresponding equilibrium values [29, 30] . Time evolution of the microscopic quantum correlations under sudden quenching and their ergodic properties have been addressed in various spin systems [22, 31, 32, 33] .
Periodically disturbing a few parameters of an underlying Hamiltonian provides an interesting route for monitor-ing the out-of-equilibrium dynamics in multiples of drivingperiod [33, 34] . Such evolution, which is called stroboscopic dynamics, has attracted vast interests in recent years as it offers a possibility of generating an effective Hamiltonian whose properties might be different from the initial Hamiltonian [34, 35, 36, 37, 38] . Generation and relaxation of entanglement entropy towards a steady state have been studied in the periodically driven integrable spin models [39, 40, 41] . An interesting observation of these works is that the entanglement entropy in the long-time steady state does not attain values corresponding to the infinite temperature state and hence contradicts the common perception of heating-up associated with the repeated disturbance [42] . Recently, quantum critical scaling under periodic driving in spin systems has been studied [43, 44] .
An important motivation for renewed interests in integrable models, such as quantum spin chains, is due to their experimental pertinence in present time. Experiments with ultracold atoms trapped in optical lattice have entered a very advanced state. Near-perfect isolation from its environment and precise control over the trapping geometries and the inter-atomic interaction strengths have established cold-atom systems as an ideal platform for studying quantum phenomena in numerous many-body systems [12, 13] . Moreover, there are several other promising physical substrates, where many-body dynamics can be investigated in a controlled manner [14, 15, 45, 46] . Particularly, in recent times there have been considerable efforts for realizing periodically driven many-body systems in experiments [47] . Considering both experimental and theoretical importance, we investigate the dynamics of quantum correlations in the periodically driven quantum Ising spin chain, which represents a paradigmatic example of integrable system.
In this paper, we study the dynamics of microscopic quantum correlations, i.e., the quantum correlation between two nearest neighbor sites measured by concurrence and quantum discord, in a periodically varying transverse field Ising model. More specifically, starting from a close to the zero-temperature initial state, the evolution is generated by repeated application of the unitary operator to reach at the desired time, t = nτ . Here n denotes the number of applied pulses and τ is the time-period between successive pulses. We first consider the finite-size chain and observe that the quantum correlations show periodic revivals with respect to the driving cycles, n. A further examination of the time of first revival, T r , reveals that it occurs at time T r ≈ N Max [|vg|] , where N is the linear system size and v g is the quasi-particle group velocity. The evolution, here, is governed by the Floquet Hamiltonian, and the quasi-particle generated in the dynamics are interpreted as Floquet quasi-particles [41] . Here we try to extend the analysis of the revivals of quantum correlation beyond sudden quenching as reported in Ref. [33] .
Next, we consider the Ising model in the thermodynamic limit and study the relaxation of the bipartite quan-tum correlations between two nearest neighbor sites as a function of n for different choices of driving frequencies, ω = 2π/τ . We find that both the concurrence and the quantum discord tend to saturate to steady-state values after a sufficient number of driving cycles. We also calculate the distance, d, between the density matrix after n driving cycles and the density matrix corresponding to the steady state obtained by taking the asymptotic limit n → ∞. The distance, which goes to zero in the asymptotic limit, obeys power law scaling of the form d ∼ n −B with respect to n. The fitted data shows that d goes to zero with scaling exponent B = 1.5 for τ < 2 and B = 0.5 for τ > 2.
Next, for various choices of initial states, we investigate steady-state (n → ∞) quantum correlations and study their variations as a function of τ . The steady state quantum correlations are characterized by the presence of sharp peaks or kinks, which can be further understood by probing the band structures of the Floquet Hamiltonian, H k,F .
Since the local quantum correlations in the long-time steady-state may survive with finite values, it is interesting to check if the final steady-state value corresponds to a canonical Gibbs ensemble. If such canonical Gibbs states exist, the quantity is termed as canonical ergodic. We consider two distinct cases depending on the choice of the driving pathway -(i) repeated driving across the critical point, and (ii) repeated driving within a single phase. For case (i), when the initial state is chosen from the ordered phase, the quantum correlations always remain ergodic. On the contrary, and more interestingly, the quantum correlations may undergo ergodic to non-ergodic transitions in the frequency domain if the system is initialized in the disordered phase. For case (ii), we find situations, where the concurrence exhibits completely different ergodic behavior than the quantum discord. For such cases, although the quantum discord is characterized by ergodic to non-ergodic transitions in the frequency domain, the concurrence always remains ergodic when the driving is within the disordered phase. We emphasize here that the above results on the canonical ergodicity under periodic driving show rich phenomena as compared to the previously observed results under single sudden quenching in the XY model [22] . For example, in the previous literature, quantum entanglement has been observed to be ergodic. However, non-ergodic to ergodic transition was noticed in quantum discord [22] . We find that entanglement can also exhibit non-ergodic to ergodic transition in the frequency domain depending on the phase of the initial Hamiltonian and the driving frequency.
The paper is organized as follows: Section 2 introduces the spin model under study and the driving protocol employed in this work. Section 3 discusses about the revivals of the entanglement in the finite-size Ising model under periodic driving. Section 4 examines relaxation of the bipartite quantum correlations as a function of driving cycles n in the thermodynamic limit. The results for the steadystate quantum correlations as a function of the time period of the driving protocol are analyzed in Sec. 5. Section 6 investigates ergodic properties of the quantities under study. Finally, Sec. 7 concludes and renders future perspectives. Appendices A, B, and C provide the definition of the timedependent bipartite density matrix, the details of Floquet Hamiltonian, the derivations of time-evolved correlation functions, and the definitions of the quantum correlation measures considered in this work.
The Model
In this paper, we consider one-dimensional Ising model in presence of a squared pulse transverse magnetic field. For academic interest, we sketch out the methodology for evaluating the time-evolved density matrices in Appendix A for generalized scenarios with quantum XY model, whose Hamiltonian is given by
where J is pairwise coupling strength between nearestneighbor spins, h(t) is a time-dependent external transverse magnetic field, γ is the anisotropy parameter, and σ x i , σ y i , σ z i are the Pauli's spin matrices at the i th site. Ising model corresponds to the case when γ = 1. The periodic boundary condition, i.e., σ N +1 = σ 1 , is considered. In time-independent case, the above model undergoes a quantum phase transition at λ = 1, where λ = h/J. For λ > 1, the system is in paramagnetic or disordered phase and for λ < 1, the system is in antiferromagnetic or ordered phase. The quantum criticality of the model has been widely studied via various approaches [7, 48] . We consider a non-equilibrium scenario, where the system is driven periodically by introducing the time-dependent transverse magnetic field. This magnetic field is taken in the form of a square-pulse, such as h(t) = a for t ≤ 0 and for t > 0
Here τ (> 0) is the time period between two successive pulses. The Hamiltonian in Eq. (1) is exactly solvable even in the case of periodic driving. The details are presented in Appendix B. The important operator in the Floquet formalism is the evolution operator, U (τ, a, b), over a period τ . For the many-body quantum system under consideration, U (τ, a, b) = ⊗ k U k (τ, a, b) and the evolved state can be obtained as ρ
Here the initial state, denoted as ρ k (0), is a thermal equilibrium state at t = 0 and the unitary operator for the k th subspace is given by
Here H k,F is the Floquet Hamiltonian of the k th subspace. From the time dependent density matrix, ρ k (nτ ), one can calculate the reduced density matrix between two-sites, ρ i,j (n), as a function of driving cycles, n, in real space (defined in Appendix A), which can further be expressed in terms of the two-point correlation functions derived in Appendix B. From the two-site reduced density matrix the local quantities under study, such as concurrence and quantum discord, are calculated. The variation of these quantities are examined with respect to time. At this point, we would like to mention that when the time period τ of the driving protocol is small, i.e., the driving frequency is large, the time-evolution under periodic driving at the stroboscopic time and the one with single sudden quenching can be thought of representing equivalent dynamics [16] . In this case, the post-quench Hamiltonian can be obtained by time-averaged Hamiltonian over one cycle of the periodic drive. However, for an arbitrary driving period τ , this equivalence does not hold.
Finite system entanglement dynamics
In this section, we discuss the evolution of the quantum correlations in finite-size periodically driven Ising model. The initial states considered in this work are close to zerotemperature canonical equilibrium states of the system. Here we set Jβ = 20, where the temperature T = 1/k B β and k B is the Boltzmann constant. In Fig. 1 , we show the dynamics of the concurrence as a function of n for varying system size. The concurrence starts from its equilibrium value, and then oscillates around a mean value. The amplitude of the oscillation gradually reduces with an increase of n. After a finite number of driving cycles, n rev , the concurrence again starts reviving followed by oscillations with comparatively larger amplitudes. Such revivals have been reported in earlier studies with finite size XY spin chain under sudden quench and time varying magnetic fields [33, 49, 41] . We find that the revival time, T rev = n rev τ , changes with the system size (see Fig. 1 ). T rev turns out to be proportional to the system size and inversely proportional to the group velocity, v g = |∂ǫ k,F /∂k|, where ǫ k,F is Floquet spectrum (see Appendix B). In Fig. 1(b) , the plot of the Floquet spectrum and the corresponding group velocity are shown. In Fig. 1(c) , we plot the revival time with respect to the system size. We find that the revival time follows the scaling T r ≈ N/(2max(v g )). This indicates that the revival time corresponds to the quasiparticles propagating with maximum group velocity.
Infinite system entanglement dynamics and steady states
After analysing the behavior of bipartite quantum correlations in finite-size Ising spin chain, we now consider them in the thermodynamic limit, N → ∞. In the thermodynamic limit, we anticipate saturation of the long-time quantum correlations beyond certain driving cycles. To confirm this, we consider the periodic driving protocol on the external magnetic field (see Sec. II). We study the temporal behavior of the bipartite quantum correlations as a function of n and monitor their convergence towards steady state values at long-time for different choices of τ .
Here, we demonstrate the convergence of quantum correlations towards the steady-state values with driving cycles for system parameters, a/J = 1.4 and b/J = 0 for 0 < τ ≤ 2.0. The dynamics of the system is captured by the Floquet Hamiltonian, H k,F , which is obtained by considering the dynamics at one complete driving period, τ (see Sec. II and Appendix B). Figure 2 shows us the relaxations of (a) concurrence and (b) quantum discord for different values of τ . In first few cycles, the quantum correlations oscillate with n and then starts converging towards a steady-state value at large n. The saturated values depend upon the lengths of the period τ . It can be seen from Fig. 2 (a) that the entanglement saturates to lower values when τ is increased. The entanglement completely vanishes for Jτ / = 1.5. Note that the survival of entanglement explicitly depends on the choice of τ , and may again resurrect at τ > 2.0. A detailed analysis of the steady-state properties as a function of driving frequency has been carried out in the following section.
Although a similar saturation behavior is observed for quantum discord (see Fig. 2(b) ), unlike entanglement, quantum discord survives with finite value even at Jτ / = 1.5. It is well known by now from several other works with sudden quenching [22, 24, 25, 31] that quantum discord is more robust against disturbance in comparison to en- tanglement, and long-time quantum discord usually survives even when entanglement vanishes. It is to be noted that the relaxation of bipartite quantum correlations in the finite-size XY spin chain has been investigated under sinusoidal external magnetic field [33] . Such form of the magnetic field, however, makes it hard to access the analytical form of the steady state. An intuitive way of understanding the relaxation of various quantities, obtained from the time evolved density matrices, is to measure the distance between the density matrices itself. In quantum information theory, such distances are often used and their properties have been studied in various contexts [3] . For our case, we consider trace distance, d, as a measure of overlap of information between two-density matrices. The distance d is defined as
where ∆ρ n = ρ 12 (n) − ρ 12 (∞). Here ρ 12 (n) is the reduced density matrix of the bipartite state after n driving cycles and ρ 12 (∞) is the same in the limit of n → ∞. Physically, Eq. (4) represents the distinguishability between two normalized density matrices. The maximum value, d = 1, defines the maximum distinguishability between two states. In Fig. 3(a-d) , the plot of distance d between the bipartite reduced density matrix at t = ∞ and the reduced density matrix of the driven system as a function of n is shown. It is clearly seen from the plots that d approaches zero as n increases. We also fit the data on power law function: We find the exponent B is 1.5 for τ < 2 and 0.5 for τ ≥ 2. It is worth mentioning here that the two possible dynamical phases depending on fast and slow periodic driving have been identified in [39] while studying the relaxation process of entanglement entropy.
Quantum correlations in the long-time steady states
In this section, we discuss the steady state behavior of the entanglement and the quantum discord as function of τ . Figure 4 shows steady-state entanglement (see Fig. 4 (a)) and quantum discord (see Fig. 4(b) ) as a function of the driving period for a particular case of squared pulse field with a/J = 1.4 and b/J = 0. Noticeably, repeated disturbance may not heat up the system indefinitely. Hence, the local quantum correlations present in the system may not be completely destroyed. There exist ranges of τ , where the system possesses non-zero quantum correlations in the asymptotic limit. In fact, for the ranges of τ , where the bipartite entanglement vanishes, the quantum discord survives with small but finite values.
Long-time steady-state quantum correlations show an oscillatory pattern in the frequency domain. They are characterized by the presence of sharp peaks. In low frequency domain, the peaks appear to be equispaced. Our numerical data suggests that the peaks in the steady-state correlations may be a consequence of Floquet band crossing. Figure 4 (c-f) displays representative cases. Floquet spectrum, ǫ k,F , in momentum space, k, for Jτ / = 6.5, 10, 20 and 25. It can be seen from Fig. 4 (a) and Fig. 4 (b) that Jτ / ≈ 6.5 and Jτ / ≈ 25 correspond to the kinks in quantum correlations, whereas Jτ / = 10 corresponds to vanishing entanglement and minimum of quantum discord. For Jτ / = 20, entanglement is zero but discord is finite valued (slightly higher than the minimum value). From Figs. 4(c) and 4(f), it is perceptible that the peaks in quantum correlations are a consequence of Floquet band crossings. Quantum correlations assume minimum values for maximum energy gaps. We would like to mention here that appearance of the kinks in the frequency domain and their connection with Floquet band crossings has been reported earlier in context of block entropy of the periodically driven systems [39] .
We further analyzed these peaks in terms of the purity of the bipartite state ρ AB (n → ∞). It is worth mentioning that the state of the system at any time t = nτ can be expressed in terms of basis which are eigenvectors of U k (nτ ). We note that two eigenvectors of U k (nτ ) become identical at the Floquet band crossing, implying reduced mixedness (or enhanced purity) of the state. A peak in the quantum correlation is a consequence of the same.
Relaxation of quantum correlations under periodic driving
In the previous section, we discussed the behavior of the quantum correlations in the state at asymptotic limit (n → ∞). It would, therefore, be interesting to ask if the values of the evolved quantities correspond to the ones belonging to canonical thermal equilibrium states. In this section, we first describe the corresponding equilibrium state and the related notion of canonical ergodicity.
Steady states and canonical ergodicity
We consider that the spin chain is initially subjected to an external magnetic field a, and is in thermal equi- librium at temperature T for t ≤ 0. The initial state, ρ eq (β, a), is given by exp[−βH(a)], where β = 1/(k B T ) is the inverse of the absolute temperature T . The time evolved state, ρ(β, a, b, t), at any time, t > 0, is given by U † (a, b, t)ρ eq (β, a)U (a, b, t). In the following, we discuss the ergodic properties within the notion of canonical equilibration, which we refer to as 'canonical ergodicity'. Within this description, the ergodic properties of the system are inferred by comparing the time-evolved state at large time with the canonical equilibrium states [32, 48] . Note that ergodicity within generalized Gibbs ensemble [50] , which is constructed by taking into account the conserved quantities, is not considered in this work.
In order to construct a family of canonical equilibrium states suitable for describing the canonical ergodicity in periodic driving cases, we consider average Hamiltonian over one complete driving period [33] , sayH ≡ Alternatively, the value of a given observable in the steadystate limit simply mimics that of an equilibrium canonical ensemble at a given effective temperatureβ, which does depend on the observable. If a local quantity does not satisfy Eq. (5), it is called non-ergodic. As we discuss below in the subsequent sections, the local quantum correlations may undergo ergodic to non-ergodic transitions. In order to monitor such transitions in a systematic manner, we use so called ergodicity score [22] , which indicates the quantity's departure from ergodicity. The ergodicity score, η Q S , is defined as
We search for allβ and choose the particular one for which Q G (β,h 0 ) attains maximum possible value for the given set of system parameters a, b. This sets up an upper bound on the equilibrium value of Q G (β,h 0 ) as a function ofβ. This value is then compared with the corresponding steady state value of Q S (β, a, b, τ ). Alternatively speaking, the difference between Q S and Q G is minimized. A non-zero (vanishing) ergodicity score signals non-ergodic (ergodic) behavior of Q.
In the following sections, we look into possible situations that arise depending on the initial state and the choice of driving pathway.
Periodic driving across critical point.
Let us first look at the situation when the system is initiated in the disordered phase, and at each cycle, the driving Hamiltonian leads the system to a final state, which would correspond to the ordered phase of the system at equilibrium. For this case, let us use the parameters from the previous section, a/J = 1.4 and b/J = 0, which evidently belong to the case of repeated quenching of the system from disordered to ordered phase. The long-time steady-state values of bipartite entanglement and quantum discord for these chosen set of parameters have already been studied in Fig. 2 . Now, let us consider the cases for which Jτ / ≤ 2. In Fig. 5(a) , the red solid line shows the bipartite entanglement in the canonical equilibrium state, as a function of inverse temperature β. The canonical equilibrium state is the one that correspond to the average magnetic field h 0 , i.e. ρ G (β,h 0 ). It is clear from the figure that at high temperature, i.e. at small β, the bipartite entanglement completely vanishes. However, below certain temperature, Jβ ≈ 2.2, the system possesses finite amount of entanglement. At low-temperature (Jβ ≥ 10), the entanglement saturates to a value close to 0.07 ebits as the system approaches zero-temperature state. In order to find if the entanglement of the periodically driven system reaches to a state that corresponds to the canonical equilibrium state, we plot the entanglement of the long-time steady-state in the same figure. The steady-state values for varied τ are shown by horizontal lines in Fig. 5(a) . We observe that the steady-state entanglement for all τ intersect the canonical entanglement at different temperatures, implying that entanglement is always ergodic in the frequency domain for this case.
It is important to extend the analysis to informationtheoretic quantum correlation measures, such as quantum discord, in order to encompass a more complete picture about the time-evolved density matrix. The definition of quantum discord is provided in Appendix C. The red solid line in Fig. 5(b) shows behavior of the quantum discord in the canonical equilibrium state as a function of β. Quantum discord, unlike entanglement, shows monotonic behavior with respect to β. It increases with decreasing system temperature and saturates at low enough temperature (Jβ ≥ 10). The steady state values of quantum discord for different τ are again shown by horizontal lines in the same plot. We find that for higher values of τ , the steady-state quantum discord intersect the canonical equilibrium quantum discord curve at different temperature. However, surprisingly, below certain critical time-period, τ ≤ τ c , there is no intersection, implying ergodic to non-ergodic transition of quantum discord in the frequency domain. For this case, we find Jτ c / ≈ 1.5. For clarity and an estimation of the degree to which the physical quantities under study is possibly non-ergodic, we calculate the ergodicity scores (see Eq. (6)) both for entanglement, η C S , and quantum discord, η D S . In the inset of Fig. 5(b) , we show η D S as function of τ . η D S is finite valued for Jτ / ≤ 1.5, beyond which it becomes zero. Ergodicity score for entanglement is zero throughout the range of τ .
However, the ergodic to non-ergodic transition in frequency domain is not unique to quantum discord. This becomes evident when the system is driven repeatedly with larger time-period. In fact, this information can be extracted from the steady-state values and canonical equilibrium values available in Figs. 4(a-b) and 5(a-b) . The ergodicity scores for concurrence and quantum discord for this case are shown in Figs. 5(c) and 5(d) . The positive 1, 1.4, 2, 3, and 4, respectively. values of the ergodicity scores indicate that both entanglement and quantum discord become non-ergodic for that value of τ .
To find out if these features are generic, we perform similar analysis by initiating the system in the disordered phase but with different magnetic fields (a/J > 1) and setting b in the ordered phase (0 < b/J < 1). We observe that for a given a, the quantum correlations undergo ergodic to non-ergodic transition if b < b c , beyond which both kinds of quantum correlations become ergodic irrespective of the driving frequency. For the case discussed above with a/J = 1.4, we find b c /J ≈ 0.8. b c decreases with increasing a. When initial states are chosen from deep disordered phase, b c → 0, both entanglement and quantum discord become ergodic for any b and τ .
Let us now consider another possible scenario, where the system is driven from the ordered phase to the disordered phase at each driving cycle. The steady-state entanglement does not survive under this driving scheme. In fact, entanglement vanishes only after few cycles and stays so for any n > 0. As a result, entanglement is trivially ergodic within this driving scheme. However, long-time steady-state quantum discord, as we may expect by now, survives, albeit with small value. Figure 6 shows an example for quantum discord with a/J = 0 and b/J = 1.4 for canonical equilibrium state as a function of β. The inset of Fig. 6 shows steady-state quantum discord as a function of τ . It is easy to infer from the figure that steady-state values always correspond to certain thermal equilibrium state throughout the entire range of τ . Hence, along with entanglement, quantum discord is also ergodic for this case. Similar analysis is performed for arbitrary choices of a and b within this driving scheme. We find that both kinds of quantum correlations always remain ergodic.
Periodic driving within same phase.
Finally, we discuss the system's response if repeated driving is conducted within the same phase. Let us first discuss the phenomenon when repeated driving is implemented within the ordered phase. For demonstration, a specific example is presented here with a/J = 0.8 and b/J = 0. Here, ergodic to non-ergodic transition is noticed in both kinds of quantum correlations (Figs. 7(ab) ). We investigate additional cases within this driving strategy, where time evolution starts from the same initial state (a/J = 0.8) at t = 0, and steady-state quantum correlations are studied by changing b. We find such transitions are not noticed when 0.8 < b/J < 1 as both concurrence and quantum discord becomes ergodic in the entire frequency range. Moreover, we find that irrespective of the initial states, quantum correlations behave ergodically whenever the system is driven close to the phase transition point.
Surprisingly, quantum correlation from entanglementseparability paradigm and information-theoretic ones may not behave coherently when repeated driving is simulated within the disordered phase. In this case, although, concurrence always stays ergodic for arbitrary choices of a and b, there may exist specific frequency windows, where quantum discord becomes non-ergodic, i.e., ergodic to nonergodic transitions occur in frequency domain. Figure 7 exhibits one such case with a/J = 2.4 and b/J = 1.2 for steady-state (c) entanglement and (d) quantum discord. However, although we always find a canonical equilibrium state that would correspond to the long-time steady-state concurrence for any given τ (cases for few specific choices of τ are shown by horizontal lines in Fig. 7(c) ), the same is not true for quantum discord.
Conclusion
In this work, we have investigated the behavior of microscopic quantum correlations, viz., bipartite entanglement and quantum discord, in a periodically driven Ising chain. Our finite-size analysis shows that the periodically driven quantum correlations exhibit periodic-revivals after a regular interval of driving cycles, n. The number of cycles (or time), after which such revival first occurs, can be predicted from the Floquet quasi-particles picture and can be computed from the knowledge of Floquet spectrum alone. In infinite Ising chain, starting from an initial thermal equilibrium state, we observe that both entanglement and quantum discord eventually saturate after sufficient number of driving cycles. As may be expected, the required number of driving cycles for reaching saturation increases with increasing driving frequencies. Further understanding on dynamical relaxations are obtained by examining the trace distance between local density matrices of the driven system and the steady-state density matrix. The scaling of the distance measure d shows a power law behavior, d = An −B , with respect to the driving cycles n. The exponent B, which turns out to be 1.5 or 0.5 depending upon the fast or slow periodic driving, indicates a qualitative change in the relaxation processes of the local quantities under study at τ = 2. Next, we study the steady-state quantum correlations with respect to τ . Long-time steady-state quantum correlations are characterized by the presence of prominent peaks in the frequency domain. Moreover, equipped by numerical evidences, we suggest a possible connection between the peaks and Floquet band crossings.
Finally, we examine the canonical ergodicity of the quantum correlations under periodic driving. We find that the canonical ergodic properties of the quantum correlations crucially depend upon the quantum phase the initial state is chosen from, and the pathway of repeated driving. Particularly, within a repeated driving scheme via a square pulsed field, when an initial state is chosen from the disordered phase and the final field corresponds to the ordered phase, quantum correlations may display (canonical) ergodic to (canonical) non-ergodic transitions of the observables in the frequency domain. The possible degree of non-ergodicity is indicated by so-called ergodicity score, η Q S , which shows that the observables oscillate between two possible situations, i.e., being ergodic or being non-ergodic, with the modulation of τ . Moreover, for this case, we discuss conditions on the system parameters a and b, for which such transitions appear. For another choice of across the phase driving scheme, where the initial state belongs to the ordered phase and the final state belongs to the disordered phase, both the concurrence and the quantum discord turn out to be ergodic for any arbitrary driving frequency. Noticeably, when the initial states are chosen from ordered phase, i.e., a ≈ 0, bipartite entanglement completely vanishes only after few driving cycles, although long-time quantum discord survives. Additionally, we discuss possibilities of ergodic to non-ergodic transitions in frequency domain, when the system is repeatedly driven within same phase. Surprisingly, the entanglement and the quantum discord behave differently in the entire frequency range if the driving is conducted within the disordered phase. In this case, we find that the entanglement remains ergodic for an arbitrary frequency of the square pulse. However, there exist frequency windows, where the quantum discord becomes non-ergodic.
Our work is relevant to current experimental set-ups for studying Floquet dynamics, particularly via ultracold atoms in optical lattice [47] . Many interesting directions emerging from this work require independent attention. Particularly, the discussion on possible connection between Floquet band gap and peaks of the quantum correlations requires a rigorous study in order to achieve a better understanding. This is beyond the scope of the current work, and detailed attention will be paid in our future works. Other interesting questions exist. For example, how independent are the features on the choice of driving protocol? It will also be interesting to conduct analogous studies in non-integrable models and higher dimensional systems.
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Appendix A. Density matrix of the system
In order to study the microscopic quantum correlations, we need to find the corresponding density matrix of the system. The local density matrix of two-sites is given in terms of the single-site magnetization and twosite correlation functions as follows:
where m α ℓ = Tr[ρ ℓ σ α ℓ ] is the magnetization of the i th site along the α-direction with corresponding single-site density matrix ρ ℓ = 1 2 (I + m· σ), and t αβ ℓ,m = Tr[ρ ℓ,m (σ α ℓ ⊗ σ β m )] are the two-site spin-spin correlation functions given in Appendix B. Note that we do not deal with symmetry broken ground state of the system in this work. Here the initial states are thermal states. Therefore, in the two-site density matrix, Eq. A.1, m x and m y are identically zero as also discussed in Refs. [22, 48] . For a model with Z 2 symmetry broken ground state, on the other hand, it is known that the above two components of the magnetization will be non-zero [51, 52] . Moreover, translation symmetry of the system guarantees that m α ℓ = m α m . Here I is the identity matrix in the Hilbert space of the single-site density matrix. In Appendix B, we provide expressions for various correlators as a function of initial, final magnetic field and the temperature. These correlators can be used for constructing the two-site density matrices.
Appendix B. Floquet Hamiltonian and Correlation functions
In this Appendix, we outline the essential steps for obtaining the effective Floquet Hamiltonian and time-dependent spin-spin correlators in the XY Hamiltonian (see Eq. (1)). We follow the route provided in reference [48] .
Momentum space representation: The first step is to write the lattice Hamiltonian, given in Eq. (1), in k-space. We define the ladder operators, i.e., the raising, a † i , and lowering, a i , operators in terms of the spin operators as
The operators a j and a † j are further written in terms of Fermi operators b j and b † j using the Jordan-Wigner transformation as
The next step is to Fourier transform the Fermi operators b j and b † j as:
where φ k = 2πk N . Using Eq. (B.1-B.3) and related algebra on Eq. (1), one can obtain the Hamiltonian H(t) = N/2 k=1H k (t), whereH k (t) is the Hamiltonian of the k th subspace given bỹ
, δ k = −2γ sin φ k , and c † k and c k are the fermionic creation and annihilation operators in momentum space. In the chosen basis of the k th subspace { |0, 0 , |k, −k , |k, 0 , |0, −k },H k (t) can be expressed as a 4 × 4 matrix:
(B.5)
Floquet Hamiltonian: The dynamics of the system under the periodic driving protocol described in Eq. (2) is monitored via effective Floquet Hamiltonian. Noticing that the non-trivial contribution in system dynamics is originated from the reduced Hilbert space spanned by the basis |0, 0 and |k, −k , it is sufficient to consider corresponding 2 × 2 block ofH k (t), which can be expanded in terms of the Pauli matrices as
where c 0 (k, t), c 1 (k), and c 2 (k, t) are coefficients of the expansion defined as c 0 (k, t) = cos φ k , c 1 (k) = γ sin φ k , and c 2 (k, t) = − cos φ k + h(t). We start the dynamics by assuming that the system is initially in a thermal equilibrium state (for all t ≤ 0). The corresponding equilibrium density matrix of the k th subspace is given by
whereH k (0) is obtained by substituting t = 0 in Eq. (B.5). Now we consider the periodic driving via external magnetic field h(t) given in Eq. (2). The evolved state of the k th subspace after one complete driving period τ is given by
The unitary operator in one complete time period τ is given by the time-order product of unitaries for each halfcycles: 
and then k,F is given bŷ 11) where N k = | ǫ k,F | 1 − cos 2 (| ǫ k,F |). Once the Floquet Hamiltonian is obtained, the state of the system after n driving cycle is simply given by
Spin-spin correlators:
We now proceed to the derivation of the average magnetization, m z (nτ ) = 1 N N j=1 σ z j ρ(nτ ) , and spin-spin correlators, t αβ i,j (nτ ) = σ α i σ β j ρ(nτ ) , where the averages are performed on the time-dependent state ρ(nτ ). It is shown in [48] that the spin-spin correlation functions can be expressed in terms of fermionic operators
Following this procedure for the case of periodic driving, it is straight forward to write t αβ i,j (nτ ) as Eqs. (B.14-B.17 ), singlesite and two-site quantities, required for constructing the two-body density matrices (see Eq. (A.1)), can be calculated. For example, the average magnetization m z (τ ) can be obtain from G ℓ,m (nτ ) as m z (nτ ) = 1 2 G ℓ,ℓ (nτ ). For the nearest neighbor sites (ℓ, ℓ + 1), the correlators are obtained as t xx ℓ,ℓ+1 (nτ ) = G ℓ,ℓ+1 (nτ ); t yy ℓ,ℓ+1 (nτ ) = −G ′ ℓ,ℓ+1 (nτ ); t zz ℓ,ℓ+1 (nτ ) = m 2 z (nτ )+G ′ ℓ,ℓ+1 (nτ )G ℓ,ℓ+1 (nτ )− Q ℓ,ℓ+1 (nτ )S ℓ,ℓ+1 (nτ ); t xy ℓ,ℓ+1 (nτ ) = −Q ℓ,ℓ+1 (nτ ). Once the correlators after n driving cycles are obtained, one can take the limit n → ∞ in order to obtain steady-state twosite density matrix ρ 12 (∞).
Appendix C. Quantum correlation measures
Here we provide the definitions for the quantum correlation measures -concurrence [9] , as entanglement separability measure, and quantum discord, as information theoretic kind quantum correlation measure.
Concurrence: Concurrence is a well known computable measure of entanglement of a bipartite quantum state in C 2 ⊗ C 2 . If ρ AB denotes an arbitrary two-qubit quantum state, then its concurrence is given by C(ρ AB ) = max{0, λ 1 − λ 2 − λ 3 − λ 4 }, where λ's are square roots of the eigenvalues of ρ AB ρ AB in descending order with ρ AB = (σ y ⊗ σ y )ρ * AB (σ y ⊗ σ y ). Here σ y is the Pauli matrix and ρ * AB is the complex conjugate of ρ AB in the same basis. Concurrence vanishes for separable states and attains unity for maximally entangled states. In the figures labeling, we have denoted concurrence by C ≡ C(ρ AB ).
Quantum Discord : Quantum discord is a measure of quantum correlations beyond entanglement [2, 10, 53] . It utilizes the fact that the two equivalent definitions of the mutual information in terms of the classical probabilities are not same when their natural extensions are considered within quantum theory. The mutual information of the quantum state ρ AB given by I = S(ρ A ) + S(ρ B ) − S(ρ AB ) defines total correlation of the state. Here S(ρ A ), S(ρ B ), and S(ρ AB ) are the von Neumann entropies defined as S(̺) = −Tr(̺ log 2 ̺). The quantity I can be interpreted as the amount of information shared by the two parties in a quantum state ρ AB .
The second quantum version of mutual information is given by J = S(ρ A ) − S(ρ A|B ), where S(ρ A|B ) is the conditional entropy, S(ρ A|B ) = min {Bi} i p i S(ρ A|i ) and the measurement is performed on subsystem B (in a similar way it can be defined for measurement on subsystem A). The measurement operators, {B i }, are rank-1 projective operators and p i 's are the probabilities obtained after the measurements on subsystem B. The measured state and the probability of output state are given by ρ A|i = 1 p i Tr B [(I A ⊗ B i )ρ AB (I A ⊗ B i )] and p i = Tr AB [(I A ⊗ B i )ρ AB (I A ⊗ B i )], respectively. We note that, in general, the minimization should be carried over all possible positive-operator valued measures (POVMs) in the definition of the quantum discord. However, it has been established that it is sufficient to consider only rank-1 projective measurements in most cases.
Once we have I and J , the quantum discord is defined as D = I − J , i.e., D = S(ρ B ) − S(ρ AB ) + S(ρ A|B ). Note that quantum discord reduces to the von Neumann entropy of the reduced state for pure bipartite states.
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